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doi:10.1016/j.ejvs.2010.07.014Abstract Objectives: To investigate the impact of hypovolaemic shock on the aortic diam-
eter in a porcine model, and to determine the implications for the endovascular management
of hypovolaemic patients with traumatic thoracic aortic injury (TTAI).
Materials and methods: The circulating blood volume of seven Yorkshire pigs was gradually
lowered in 10% increments. At 40% volume loss, an endograft was deployed in the descending
thoracic aorta, followed by gradual fluid resuscitation. Potential changes in aortic diameter
during the experiment were recorded using intravascular ultrasound (IVUS).
Results: The aortic diameter decreased significantly at all evaluated levels during blood loss.
The ascending aortic diameter decreased on average with 38% after 40% blood loss (range 24
e62%, p Z 0.018), the descending thoracic aorta with 32% (range 18e52%, p Z 0.018) and
the abdominal aorta with 28% (range 15e39%, pZ 0.018). The aortic diameters regained their
initial size during fluid resuscitation.
Conclusion: The aortic diameter significantly decreases during blood loss in this porcine
model. If these changes take place in hypovolaemic TTAI patients as well, it may have
implications for thoracic endovascular aortic repair (TEVAR). Increased oversizing of the en-
dograft, or additional computed tomography (CT) or IVUS imaging after fluid resuscitation
for more adequate aortic measurements, may be needed in TTAI patients with considerable
blood loss.
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Table 1 Subject characteristics.
Mean ( SD)
Weight (kg) 34.8 ( 6.3)
Circulating blood volumea (L) 2.28 ( 0.41)
Planned blood loss (L) 0.91 ( 0.16)
Vitals signs at baseline
Systolic blood pressure 92.6 ( 13.1)
Diastolic blood pressure 48.3 ( 11.1)
MAP 64.7 ( 7.3)
Heart rate 87.1 ( 9.1)
Vital signs after 40% blood loss
Systolic blood pressure 35.4 ( 14.5)
Diastolic blood pressure 23.6 ( 10.3)
MAP 29.4 ( 11.3)
Heart rate 112.9 ( 22.5)
Baseline vital signs were obtained after induction of general
anaesthesia.
SD: standard deviation, MAP: mean arterial pressure.
a The circulating blood volume of a Yorkshire pig is approxi-
mately 65 mL/kg.
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Thoracic endovascular aortic repair (TEVAR) offers an
effective treatment for acute thoracic aortic pathologies
including traumatic thoracic aortic injury (TTAI).1e5 Endo-
vascular repair of TTAI is associated with mortality rates
between 6.0 and 13.5%, compared with 16.9 and 23.5%
after traditional open surgery,1e5 and the use of TEVAR for
TTAI has dramatically increased during the past decade.1,6,7
TEVAR is, however, still plagued by endoleak in 2.8e14.3%
after endovascular repair of TTAI.1e4,8e10 The majority of
these endoleaks are proximal type 1 endoleaks, and urgent
re-intervention is often needed.2,8,10 Adequate endograft
sizing using preoperative computed tomography angiog-
raphy (CTA) is thought to be important for minimising risks
of endoleak and other endograft-related complications,
and improvement of the long-term outcomes after endo-
vascular repair.11
TTAI patients are frequently admitted with significant
blood loss or hypovolaemic shock. Although peripheral
vasoconstriction is a well-known response to hypovolaemic
shock to maintain perfusion of the heart and brain,12e14the
effects of hypovolaemia on the aortic dimensions remain
currently unclear. In a previous study, we found that
trauma patients admitted with hypotension and tachy-
cardia have smaller aortic measurements on the CT at
admission compared with a second CT when haemody-
namically stable.15 Such changes of the aortic diameter
may be the result of hypovolaemia, and could lead to
inadequate aortic measurements on preoperative CTA and
undersizing of the endograft. The purpose of this study is to
investigate the exact impact of blood loss on the aortic
dimensions in an experimental porcine model.Methods
Study subjects
Seven healthy male Yorkshire pigs with a mean weight of
34.8  6.3 kg (Table 1) were obtained from the Yale Animal
Resources Center (YARC), and housed for at least 1 week
prior to the experiment under controlled conditions. The
animals received a standard non-supplemented diet and
water until 12 h before the study, when the animals were
fasted and only had access to water. The experimental
protocol was approved and regulated by the Institutional
Animal Care & Use Committee (IACUC) of Yale University.
Equipment
Prior to the procedure, the exact weight of the subject was
measured and the circulating blood volume was calculated,
which is approximately 65 ml kg1 for a Yorkshire pig.16,17
Ketamine (2.2 mg kg1 IM), Telazol (4.4 mg kg1 IM),
xylazine (2.2 mg kg1 IM) and atropine (0.05 mg kg1 IM)
were administered by a veterinarian for induction and
intubation, and isoflorane/oxygen 1.0e3.5% was used for
maintenance of the anaesthesia. The blood pressure and
heart rate were constantly recorded during the experiment
using an intra-arterial line. Other anaesthetic monitoringincluded the respiratory rate, pulse oximetry and body
temperature. The aortic dimensions were studied using an
s5 Intravascular Ultrasound (IVUS) Imaging System (Volcano
Inc Corp, Rancho Cordova, CA, USA) and a Visions PV8.2F
Catheter (Volcano Inc Corp, Rancho Cordova, CA, USA). The
surgical procedures were performed by a team of inter-
ventional radiologists, and vascular and cardiothoracic
surgeons, all experienced with IVUS imaging.
Experiment
A midline laparotomy was performed after induction of
general anaesthesia, and the distal abdominal aorta was
cannulated. A small (9-Fr) sheath was introduced, followed
by a dilator and an 18-Fr working sheath. The IVUS catheter
was inserted through the sheath for baseline measurements
of the aortic diameter at the level of the ascending thoracic
aorta 2 cm distal to the aortic valve, the descending
thoracic aorta 2 cm distal to the left subclavian artery and
the infrarenal abdominal aorta just distal to the renal
arteries. Aortic diameter measurements were obtained
during the cardiac systole. Subsequently, the circulating
blood volume was gradually lowered in 10% increments
through the sheath using a syringe. The aortic measure-
ments and vital signs were measured at each 10% incre-
ment, until the subject had lost 40% of its circulating blood
volume. At 40% volume loss, the descending thoracic aortic
measurements at baseline and at 40% blood loss were used
to select a stent graft size (AneuRx limb, Medtronic
Vascular Inc, Santa Rosa, CA, USA). The stent graft was
deployed in the descending thoracic aorta, and IVUS was
used to assess adequate endograft deployment. After-
wards, the animal received controlled fluid resuscitation
with normal saline in 10% increments through the sheath
using a syringe until complete resuscitation was achieved.
At the end of the procedure, the subject was euthanised
using Euthasol (0.22 mg kg1 IV), and autopsy with
thoracotomy and aortotomy was performed to inspect the
aorta and endograft in vivo.
Figure 1 Aortic diameters during lowering of the blood
volume. Error bars represent the 95% confidence interval of the
mean.
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Data are shown as mean  standard deviation and range.
The Wilcoxon test for paired samples was used to compare
continuous variables such as the aortic diameter at
different moments of the experiment. The true aortic
diameters were used for statistical analysis, which repre-
sent the luminal diameter on IVUS imaging (intima to
intima). The relation between blood loss and/or vital signs,
and the descending thoracic aortic diameter was investi-
gated using linear regression analysis of the five data points
(0, 10, 20, 30 and 40% blood loss) of the seven subjects.
SPSS software version 15.0 was used for all statistical
analyses, a p value < 0.05 was considered statistically
significant.
Results
Aortic dimensions during blood loss
The mean duration from measurement of baseline aortic
measurements until 40% blood loss was 32 min (range
24e38 min, Table 2). The aortic diameter decreased
significantly at all three evaluated levels during blood loss
(Fig. 1). At the level of the ascending thoracic aorta, the
mean aortic diameter decreased from 17.7 to 10.9 mm
after 40% blood loss (p Z 0.018), which represents a mean
decrease of 38.2% of its original diameter (range
24.2e62.4%, Table 2). At the level of the descending
thoracic aorta, the diameter decreased on average by
31.6% (range 18.3e52.3%), from 14.6 to 10.0 mm
(p Z 0.018). The decrease in descending aortic diameter
was consistent in all seven subjects, and approximated
a linear function (Fig. 2). For the infrarenal abdominal
aorta, the mean decrease in diameter was 27.6% (range
15.4e39.3%), from 10.4 to 7.5 mm after 40% blood loss
(p Z 0.018).
Relation blood loss, vitals and descending thoracic
aortic diameter
Linear regression analysis was used to explore the relation
between blood loss and/or vitals, and the descending
thoracic aortic diameter. The degree of blood loss was
strongly associated with a decrease of the aortic diameter:
regression coefficient (RC):  1.18, 95% confidence interval
(CI):  1.70 to  0.67 (Table 3). This suggests that in our
subjects, the descending thoracic aortic diameterTable 2 Mean aortic diameter during lowering of the blood vol
Normal 10% 20% 30%
Ascending (mm) 17.7 15.2 13.8 12.4
Descending (mm) 14.6 13.8 11.8 11.2
Infrarenal (mm) 10.4 9.8 9.4 8.5
Time (min) 0 12.1 18.3 24.7
Reduction (%) refers to the decrease in aortic diameter after 40% bloo
diameters at baseline and after 40% blood loss were compared using th
in minutes between measurement of the baseline aortic diameters at
each 10% increment.decreases with 1.18 mm or 8.1% every time the animal loses
10% of its blood volume.
There was also a significant relation between the systolic
pressure (RC 0.07, 95% CI 0.04e0.10), diastolic pressure (RC
0.15, 95% CI 0.09e0.19), or mean arterial pressure (RC 0.10,
95% CI 0.05e0.15) and the diameter of the descending aorta
(Table 3).
Stent graft deployment
After lowering the blood volume by 40%, a stent graft was
successfully deployed in the descending thoracic aorta in
all subjects, and IVUS did not show any endoleaks or stent
graft enfolding. The mean diameter and length of the stent
grafts were 14.5  1.8 mm (range 12e16) and
108.0  13 mm (range 85e185). The stent grafts were
oversized by 47%  24% (range 25e80%) compared with
descending thoracic aortic diameter obtained after 40%
blood loss.
Aortic dimensions during stent graft deployment
and fluid resuscitation
The mean duration from stenting until complete fluid
resuscitation was 12.8 min (Table 4). The mean diameters
of the ascending aorta, the stented descending aorta andume.
40% Reduction (%) Range (%) p Value
10.9 38.2 24.2e61.4 0.018
10.0 31.6 18.3e52.3 0.018
7.5 27.6 15.4e39.3 0.018
32.0 e 24e38 e
d loss compared with the initial aortic measurements. The aortic
e Wilcoxon test for paired samples. Time (min): the time interval
the beginning of the experiment, and the aortic measurements at
Figure 2 Descending thoracic aortic diameter in all subjects
during blood loss. The lines represent the individual descend-
ing thoracic aortic diameter of the seven subjects during
lowering of the blood volume.
Hypovolaemia and the Aorta 567the abdominal aorta increased after stenting (Table 4).
During fluid resuscitation, the diameters of the ascending
and abdominal aorta further increased and approximately
regained their original size (97.1 and 99.0%, respectively,
Fig. 3). The lumen of the stented descending thoracic aorta
further increased during resuscitation as well
(11.7e12.5 mm, p Z 0.023), which may suggest that the
stent graft further unfolded during fluid resuscitation
(Table 4).
Type 1 endoleak was detected using IVUS imaging in two
of the seven subjects during resuscitation (29%). In these
cases, the diameter of the descending thoracic aorta had
decreased with 27.9 and 52.3%, and the stent graft was
oversized by 50 and 62%, respectively. In the first case, the
endoleak was observed after 30% resuscitation, and in the
second subject, a large endoleak was seen after 20% fluid
resuscitation, and the leakage further increased during
continued resuscitation (Fig. 4).
Autopsy
The subjects were euthanised after complete fluid resus-
citation was achieved in all and final vital signs and aorticTable 3 Effects of blood loss and vital signs on the descending
RC
Blood lossa 1.18
Systolic blood pressure 0.07
Diastolic blood pressure 0.15
Mean arterial pressure 0.10
Heart rate 0.03
Respiratory rate 0.01
RC: regression coefficient, CI: confidence interval.
Univariate linear regression was used to investigate effects on the des
was not performed because there is a strong correlation between blo
a The variable blood loss had an ordinal scale, either 0, 10, 20, 30 odiameters were obtained. Subsequently, autopsy with
thoracotomy and aortotomy was performed to inspect the
aorta and endograft. No abnormalities were found during
autopsy, and all stent grafts were adequately deployed in
the descending thoracic aorta and no stent enfolding was
observed (Fig. 5).
Discussion
In this porcine model, we studied the effects of blood loss
and hypovolaemic shock on the aortic diameter using IVUS,
an accurate imaging method to investigate the aortic
morphology.18 This revealed that the aortic diameter
dramatically decreases during blood loss and hypovolaemic
shock. The decrease in diameter already occurred after 10%
blood loss at all evaluated levels, and the aortic dimensions
continued to decrease with decreasing blood volume. The
explanation for these striking observations could be that
the shortage in circulating blood volume results in
decreased pressure on the aortic wall, causing the aorta to
collapse. Endogenous production of vasoconstrictors during
hypovolaemia may perhaps contribute to the reduction in
aortic diameter as well.
Because of the many anatomical and functional simi-
larities with regard to the cardiovascular system between
swine and humans,16,17 we expect that hypovolaemia could
also affect the human aortic dimensions. In a previous
study, we observed that the descending thoracic aortic
diameter was, on average, about 13% smaller on CTs of
trauma patients admitted with a heart rate  130 per min
and a mean arterial pressure < 95 mm Hg, compared with
a second CT scan taken while the patients were haemody-
namically stable.15 Due to the retrospective design of the
study, the exact blood loss was difficult to determine in
these trauma patients.15 Taking the observations in the
trauma patients and the porcine model into account, we
assume that hypovolaemia in humans could lead to
a decrease in aortic diameter. Because patients with TTAI
are often admitted to the emergency department with
considerable blood loss or hypovolaemic shock, our findings
may have implications for the endovascular management
of TTAI.
Endograft sizing for TEVAR is usually performed using the
preoperative CTA scan; however, if the diameter of the
descending thoracic aorta is considerably smaller at
admission due to blood loss, physicians may undersize thethoracic aortic diameter in linear regression analysis.
95% CI p value
1.70 to 0.67 <0.001
0.04e0.10 <0.001
0.09e0.19 <0.001
0.05e0.15 <0.001
0.08 to 0.03 0.339
0.09 to 0.11 0.886
cending thoracic aortic diameter. Multivariate regression analysis
od loss, blood pressure and heart rate.
r 40%.
Table 4 Aortic diameters during stent deployment and fluid resuscitation.
Before
stenting
After
stenting
þ 20% Complete
resuscitation
Original
diameter (%)
Range (%) p Value
Blood loss 40% 40% 20% 0% 0% 0%
Ascending (mm) 10.9 12.9 14.8 17.2 97.1 91.9e113.5 0.018
Descending (mm)a 10.0 11.7 11.8 12.5 85.6 68.5e94.6 0.018
Infrarenal (mm) 7.5 9.0 9.4 10.3 99.0 85.8e125.1 0.018
Time (min) 32.0 41.7 48.7 54.5 e 53e60 e
The aortic diameter after 40% blood loss before stenting and the aortic diameter after complete fluid resuscitation were compared using
the Wilcoxon test for paired samples. Time (min): the time interval in minutes from measurement of the baseline aortic diameters at the
beginning of the experiments.
a The stent graft was deployed after 40% blood loss in the descending thoracic aorta, and from that moment the diameter measured by
IVUS actually represents the stent lumen.
568 F.H.W. Jonker et al.endograft. This mismatch between the aortic diameter and
the endograft could theoretically result in increased risks of
endoleak or other endograft-related complications such as
endograft migration. Most endograft manufacturers
recommend that an endograft is oversized by 10e20% of the
normal aortic diameter during TEVAR for an adequate seal
with the aortic wall. In this study, the mean descending
aortic diameter was 81% of its original size after lowering
the blood volume with 20%. If a similar decrease in aortic
diameter would occur in a TTAI patient with 20% blood loss
(1 L for a patient of 70 kg),19e21 an endograft may be
oversized on average by 42% (115/0.81) of the diameter at
that moment, to obtain the recommended 15% oversizing of
the normal aortic diameter. The required percentage of
oversizing would theoretically further increase with
increasing blood loss (Fig. 6).
Naturally, additional research in human subjects is
needed, before strong recommendations about oversizing
of the endograft can be made. The exact decrease of theFigure 3 Increase of the ascending and abdominal aortic
diameter during resuscitation. The descending thoracic aorta
was not included in this figure because the stent graft was
deployed in the descending thoracic aorta, and from that
moment the diameter measured by IVUS actually represents
the stent lumen. Error bars represent the 95% confidence
interval of the mean.descending thoracic aorta in human patients with hypo-
volaemic shock remains unclear at this moment, but
physicians could consider increasing the percentage of
oversizing of the endograft when performing TEVAR on
a hypovolaemic patient with TTAI. The aorta of young
trauma patients may be substantially smaller than the
smallest endograft size currently available. This often
necessitates physicians to oversize the endograft by more
than 20%, which may be acceptable in hypovolaemic TTAI
patients, based on our findings. Caution is needed,
however, because extreme oversizing of the endograft may
increase risks of adverse effects, such as endograft
collapse.22e24
In the experiments, the aorta approximately regained its
original size after complete fluid resuscitation. IVUS
demonstrated type 1 endoleak in two subjects when the
aortic diameter enlarged during resuscitation, despite
excessive oversizing of the stent graft (Fig. 4), which
exemplifies the clinical dilemma of aortic endograft sizing
in hypovolaemic patients. An alternative to increased
oversizing of the stent graft in hypovolaemic patients
requiring TEVAR may be delaying the TEVAR procedure until
adequate resuscitation has been achieved, followed by
additional CTA or IVUS imaging for more accurate aortic
measurements. Recent reports have suggested that delay-
ing TEVAR in more stable TTAI patients is associated with
improved survival.25e27 However, the strategy to delay the
endovascular procedure could be lethal in some patients in
hypovolaemic shock. IVUS offers the benefit of real-time
sizing during the endovascular procedure, when the patient
may be better resuscitated than during the CT scan at
admission. The aortic measurements on IVUS during endo-
vascular repair may therefore be more reliable, and regular
use of IVUS during TEVAR of TTAI may be recommended.
Patients with ruptured aneurysms of the abdominal
(rAAA) or thoracic aorta (rTAA) also present with an aortic
wall defect and associated haemorrhage,28e31 which may
result in aortic diameter changes in these patients as well.
In particular, rAAA is more common than TTAI, and diam-
eter changes due to blood loss could have implications for
endovascular repair (EVAR) of rAAA. A few studies have
analysed predictors of type 1 endoleaks after EVAR of
abdominal aortic aneurysms; however, these did not
investigate the effects of aneurysm rupture or hypo-
volaemia on the incidence of type 1 endoleak.32,33 TTAI
Figure 4 IVUS images of a type 1 endoleak after complete resuscitation A. In this subject, the descending thoracic aortic
diameter decreased from 15.5 to 7.4 mm (52.3%) after 40% blood loss, and a 12 mm stent graft was deployed (62% oversizing). Black
arrow: stent graft; white arrow: aortic wall. B. The same subject after complete fluid resuscitation. A large endoleak (yellow
arrow) is visible between the stent graft (black arrow) and the aortic wall (white arrow). The leakage was already detected after
20% fluid resuscitation, and further increased during continued resuscitation.
Hypovolaemia and the Aorta 569patients typically are much younger than patients with
aortic aneurysms, which usually have a history of athero-
sclerotic disease.28e31 Aortic compliance decreases with
age,34,35 likely due to a loss of elasticity and increased
prevalence of aortic calcification.36e38 The previously
healthy aorta of young trauma patients may therefore be
more compliant, and potential aortic changes could be
more extreme in TTAI patients presenting with hypo-
volaemic shock than in patients with ruptured aortic
aneurysms.
To our knowledge, the present experimental study is the
first study that has investigated the impact of blood loss on
the aortic dimensions, which revealed remarkable changes
of the aortic diameter during lowering of the volume. Still,Figure 5 Descending thoracic aorta and proximal stent graft
at autopsy No abnormalities were found during autopsy, the
stent grafts were adequately deployed in the descending
thoracic aorta, and no stent enfolding was observed.several limitations are important when interpreting the
results. Obviously, the current observations in Yorkshire
pigs cannot directly be extrapolated to human patients
with TTAI. Despite many anatomical and functional simi-
larities between swine and humans,16,17 the findings need
to be further validated in human subjects before valid
recommendations with regard to increased oversizing can
be made. However, it is difficult to investigate the aortic
dynamics in human patients with hypovolaemic shock
because these patients are in a critical condition and,Figure 6 Descending thoracic aortic diameter and theoretic
oversizing of the endograft-related to circulating blood volume
The red line represents the theoretic percentage of oversizing
of the aortic diameter to obtain a 15% oversizing of the normal
aortic diameter, which is recommended by most endograft
manufacturers. Error bars represent the 95% confidence
interval of the mean.
570 F.H.W. Jonker et al.therefore, unsuitable for participation in a prospective
research study. A different aspect that warrants further
research is the impact of shock on the aortic distention
throughout the cardiac cycle. The aorta is known to expand
during the cardiac systole,39,40 and the degree of expansion
may be affected by hypovolaemia. The relatively small
sample size of seven subjects is a limitation as well;
nevertheless, the findings were consistent in all subjects
(Fig. 3) and statistically significant at all evaluated levels
(Table 2).
Conclusions
This study demonstrates that the aortic diameter signifi-
cantly decreases during blood loss in a porcine model.
Assuming that these changes in diameter take place in
humans as well, this may have implications for the endo-
vascular management of patients with TTAI. Increased
oversizing of the endograft, or additional CT or IVUS
imaging after fluid resuscitation, may be needed in TTAI
patients admitted with considerable blood loss undergoing
TEVAR.
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